A conceptual study is presented for a substantial upgrade of the Frascati Tokamak Upgrade (FTU) up to B ϭ 8 T, I ϭ 6 MA, and R ' 1.3 m to study burning plasma (BP) issues in deuterium plasmas operating up to an equivalent DT gain close to Q ϭ 2 in the ELMy H-mode and to Q ϭ 5 with an internal transport barrier (ITB). The effect of alpha particles is simulated by ;1 MeV fast 3 He minority heating produced by ion cyclotron resonance heating (20 MW). Thanks to the highdensity values ('4 ϫ 10 20 m Ϫ3 ), the FT3 plasmas are characterized by short electron-ion equipartition time (60 ms in the ELMy H-mode scenario) and slowingdown time (44 ms), with respect to the energy confinement time of ;340 ms, a feature characteristic of BP experiments but not always satisfied with present tokamak devices. Advanced scenarios at 5 T with fully noninductive current drive can be investigated with a steadystate current density profile achieved in Ͻ5 s. The aim of FT3 is to prepare ITER operation and to provide a test bed for the development of the ITER auxiliary system and diagnostics. Elements of the scientific program are as follows: the investigation of energetic particle collective effects, optimization of H-mode scenarios, development of improved H-mode scenarios and scenarios with ITBs, magnetohydrodynamic and transport studies in ITER-relevant conditions, and study of edge plasma dynamics. FT3 can use all the existing facilities available in Frascati and could be constructed in ;5 yr.

I. INTRODUCTION
The research and development~R&D! activity carried out within the ITER frame in the last 10 yr has allowed consolidation of the basis for the design and construction of an experiment aimed at studying burning plasma~BP! physics. In order to have a meaningful exploitation of ITER, it is important to maintain an adequate accompanying program aimed at preparing ITER operation and at selecting the most promising scenarios for ITER. Indeed, the presence of alpha particles introduces two main modifications with respect to present experiments that are mainly characterized by low-energy neutral beam injection~NBI! as the main ion heating scheme:
1. The deposition profile is localized in the central region of the discharge with the electrons being mainly heated.
2. Alpha particles can drive stronger collective modes than those observed in present experiments.
It is important to stress that these issues are not strictly related to the use of tritium. The use of ion cyclotron resonance heating~ICRH! in the minority scheme~H or 3 He minority! or of negative neutral beam heating~NNBI! can indeed provide both central heating and fast particles~although with a slightly different distribution function! in deuterium plasmas. However, ICRH is not the dominant heating scheme in most of the present devices, and NNBI is still under development. Thus, in order to bridge the gap between our present experience and the ITER operation, a meaningful ITER accompanying program should make use of a facility able to reproduce~in a dimensionless parameter range as close as possible to that of ITER! the most important features of alpha-particle heated plasmas and therefore capable of assessing the relevant ITER scenarios before the ITER construction and during the first phase of ITER operation. In addition, possible developments of techniques to be used on ITER require a facility with a more flexible use than ITER. New diagnostic concepts, auxiliary heating methods, plasma conditioning techniques, and different solutions for the plasmafacing components could be tested easily and at a much lower cost in a deuterium device before being used on ITER, provided that the operating scenarios are sufficiently close to those of ITER itself.
In the following, a conceptual study is presented of an upgrade of the FTU machine~FT3! to prepare ITER operation. The aim of FT3 is to achieve operation in subignited conditions~Q ' 2 equivalent in DD! with a significant fast particle component generated by ICRH heating in order to simulate the effect of alpha particles in the plasma center. FT3 will develop operational scenarios for ITER, including the investigation of the L-H transition at high magnetic field, advanced scenarios, and the use of deep fueling techniques. Furthermore, FT3 can be the natural test bed for the development of an ITER additional heating system and of ITER diagnostics. The parameters of FT3 are shown in Table I . As a side remark we note that ITER has been designed to achieve BP conditions by using the well-tested operational scenario~the standard ELMy H-mode! at medium values of the magnetic field for a reactor~B ' 5.3 T!. Such a choice of B is at present the only choice possible, given the present superconductor technology, provided the simultaneous achievement of long pulses and BP conditions is envisaged. Nevertheless, conceptual designs of steady-state tokamak reactors have been proposed with B in the range of 8 T~see, e.g., Ref. 1!. The conceptual study of FT3 is at present under consideration for a formal proposal in the framework of the ITER accompanying program. The construction time has been estimated to be ;5 yr, and therefore, operation could start well in advance of ITER. The cost is ;100 million Euros.
I.A. The Choice of the Parameters of FT3
Having in mind the possibility of simulating the alpha-particle behavior with ICRH or NNBI-produced fast ions, it is convenient to list the most important conditions that must be satisfied by an experiment such as FT3 in order to be ITER relevant. The study of collective modes implies that the following parameters must be similar to those of ITER, namely, 1. the normalized gyroradius of energetic particles r *h [ v 4h 0aV h~w ith v 4h the perpendicular energetic ion velocity, V h [ Z h eB0m h the energetic particle Larmor frequency, B the equilibrium magnetic field, and a the minor radius of the device! in order to have well-confined orbits and similar finite orbit effects on collective instabilities; for a given safety factor profile the plasma current I must scale as B ϫ a, and the foregoing condition implies that the perpendicular energy of the fast particle must scale as E 4h Ϸ I 2 2. the energetic particles beta b h [ 2m o n h E h 0B 2 in order to have similar driving terms on collective instabilities; the thermal beta b th must be also similar in order to have similar magnetohydrodynamic~MHD! stability properties~at fixed safety factor profile and plasma geometry! 3. the value of v 5h 0v A~w ith v 5h the energetic ion velocity along the equilibrium magnetic field and v A the Alfvèn velocity! in order to reproduce the driving mechanism associated with energetic ion parallel compressibility 4. the ratio between the hot particle precession frequency and the thermal ion diamagnetic frequency, which, at fixed geometry and equilibrium profiles, means that the ratio between the hot particle energy and the ion temperature must be similar to that of ITER~for example, 3.5 MeV020 keV!.
Since the hot tail produced by auxiliary heating has to simulate the alpha-particle behavior, heating schemes that produce low-energy components~such as positive ion beams! are not relevant. Furthermore, taking into account that the parameter b h can be written as b h Ϸ b th t SD 0t E , with t SD being the slowing-down time and t E the energy confinement time, in order to obtain similar b h values at fixed b th , the ratio t SD 0t E must be also similar to the value of ITER and smaller than unity. Such a condition is not frequently met in the present experiments.
From the requirements listed above it follows that ITER-relevant scenarios are characterized by a plasma temperature much smaller than that of ITER in a device of lower performance than ITER. For the sake of simplicity, we define the triple product N ϭ nTt E , with n~T ! the thermal ion density~temperature!. If N c is the critical value for ignition~Q
_ N c is required to obtain Q ϭ 10. Similarly, the condition Q ϭ 1 corresponds to N ϭ 1 6 _ N c . In terms of the triple product, the ratio t SD 0t E can be written as
Therefore, in order to satisfy the condition t SD 0t E ϭ const , 1, the plasma temperature must scale as
which means, for example, that a central temperature of 20 keV~ITER! would correspond to ;10 keV on a Joint European Torus~JET!-class device achieving Q ' 1.
Note that under these conditions also the electron-ion equipartition time is short and the electron and ion temperatures are almost equal. Thus, the energetic ions to simulate the alpha particles give their energy mostly to the electrons, which then heat by collisions the thermal ions. It is important to stress that this result does not depend on the specific choice of the scaling law for t E . Although the foregoing argument might be applied to devices with arbitrarily low values of Q, it is clear that a lower bound on the plasma temperature must exist in order to match also the other dimensionless parameters. Indeed, such a lower bound on T is set by the condition that at fixed plasma beta, the collisionality parameter must be as close as possible to that of a BP. Assuming, for the sake of simplicity, that at fixed aspect ratio the triple product scales as N Ϸ~I0a 103 ! 502 , in qualitative agreement with the ITER98y2 scaling for the energy confinement time in the H-mode, it follows that the plasma temperature must scale as
At fixed b th , this implies that the plasma density must scale as
which implies that the Greenwald number is roughly twothirds that in ITER. From the foregoing conditions it follows that the collisionality parameter n * Ϸ~na!0T 2 must scale as I Ϫ1 . Thus, we will assume in the following that the plasma current must not be smaller than 5 MÃ one-third that of ITER! in order to work at similar collisionality values. Note also that the thermal ion r *th @ T 102 0~Ba! must scale as r * Ϸ I Ϫ102 a Ϫ106 and in the considered range of I turns out to be larger than that of ITER by a factor ,2. Making reference to the case at T ϭ 10 keV, it follows that the energetic particle component must be in the range of 1 MeV in order to have the same value of r *h as in ITER. This choice also yields similar ratios of the hot ion0thermal ion energy and allows a realistic simulation of the alpha-particle dynamics. Finally, the heating power has to be chosen in order to maintain the desired temperature. The energy balance, assuming an energy confinement time of the form
with a ' 2.7, consistently with the ITER98y2 scaling, yields
Thus, at fixed b th , fixed magnetic geometry, and equilibrium profiles, the auxiliary power must roughly scale as N 305 , yielding a power that is about one-third that of ITER for a JET-class device.
I.B. FT3 Performance and Scenarios
FT3 is designed to operate without tritium. Its parameters, which have been chosen in order to have the largest upgrade of FTU compatible with the infrastructure available on the Frascati site, satisfy the requirements listed in Sec. I.A. Thus, the fusion performance refers to an equivalent DT plasma. It can be easily shown that for two devices, which are equivalent from the point of view of dimensionless parameters~i.e., have the same values of beta, collisionality, and normalized Larmor radius!, the triple product ntT is proportional to the magnetic field B. As a consequence the equivalent fusion performance of FT3 is typically larger than that expected for JET. The fusion performance expected in FT3 is shown in Table II , where H 98~H96 ! is the enhancement factor over the ITER98y2~ITER97L! scaling; a n and a T are the exponents, respectively, of the density and temperature profiles~assumed to be a generalized parabola!; and impurity contamination is assumed to arise from beryllium. The four columns~scenarios one, two, three, and four! correspond respectively, to internal transport barrier~ITB! plasmas~which might be also representative of hybrid scenarios!, conventional H-mode operation, enhanced L-mode operation, and full noninductive current drive. The equilibrium density and temperature profiles have been chosen accordingly. It can be seen that on FT3, enhanced L-mode or conventional H-mode operations lead to a gain factor in the range Q ϭ 1 to 2, whereas operation with peaked profiles produced by an ITB yields up to Q ϭ 5. The magnetic configuration corresponding to scenarios two, three, and four are shown in Figs. 1, 2, and 3, respectively. Scenario four in Table II , corresponding to a magnetic field of 5 T, has a flattop duration of 5 s and can achieve fully steadystate conditions within these limits. It should be noted that at 5 T the flattop duration is not limited by the heating of the magnet coils but by the temperature excursion of the inertially cooled divertor plates. Thus, with active divertor cooling, even longer flattop duration would be allowed. Note that on FTU, routine values of 1.2 are obtained for Z eff at high density with a TZM toroidal limiter after boronization.
I.C. FT3 Scientific Program
In the following we highlight the most important elements of the FT3 scientific program. Although some of the elements are specifically unique to FT3, it is important to stress that they should be investigated in conditions relevant for BPs~short e-i equipartition time and slowing-down time!. This is particularly important for the investigation of advanced scenarios that is typically made at present in conditions far from those of a BP.
I.C.1. H-Mode Studies
The present scaling of the threshold power required for entering the H-mode is affected by large uncertainty. The old IPB98 scaling, 2 P LH ϭ 0.45Bn 304 R 2~0 .6nR 2 ! aH , 
I.C.2. ELM Behavior and Pedestal Scaling
The achievement of tolerable ELMs in ITERrelevant conditions is one of the most important goals of the present R&D program in physics~see, for example, Ref. 4!. Type II ELMs with characteristics similar to Type I ELMs but with lower amplitude and larger frequency seem adequate to match the needs of a long lifetime for the divertor components and maintaining of high-energy confinement time. The ELM behavior is strongly affected by the magnetic equilibrium configuration~with Type II ELMs obtained with configurations close to double-null equilibria! and by the difference in the heating method~with more benign ELMs observed with central ICRH!. No Type I ELMs have been observed on C-MOD, which operates at high field with ICRH alone. At high values of density and triangularity, the C-MOD edge is quasi-quiescent with the presence of low-level MHD activity, which allows the avoidance of impurity accumulation, the so-called enhanced D a mode. Since the alpha-particle heating will be more similar to ICRH than to low-energy NBI, the use of ICRH only on FT3 will allow a complete characterization of ELMs in conditions relevant for a BP. With respect to JET, FT3 has the capability of larger values of triangularity at the maximum plasma current d ϭ 0.43 at I p ϭ 6 MA!, and this might allow the energy confinement scaling and the ELM behavior to be validated under these conditions. A related issue is the scaling of the pedestal width with plasma parameters. Since the stored energy in the pedestal is typically a large fraction of the total stored energy, the precise characterization of the scaling of the pedestal width is essential for the extrapolation to a BP experiment~BPE!. 
I.C.3. Neoclassical Tearing Mode Studies
In typical BPE plasmas, tearing modes are expected to be stable. However, the reduction of the bootstrap current inside the island may destabilize tearing modes above a critical value for b th if a sufficiently large seed island is produced. The present understanding of neoclassical tearing mode~NTM! physics has singled out the most important stabilizing effects~ion polarization current, transport inside the island!, but a complete picture of the NTM stability in a BPE is still lacking because of the difficulty in predicting the seed island width produced by the background MHD activity~mostly associated with sawteeth!. Indeed, if the seed island decreases faster with decreasing r *th than the critical value set by the effect of ion polarization current and transport inside the island, NTMs are predicted to be stable in a BPE. The data available from present devices are not able to provide a conclusive answer. FT3 can work at r *th values very close to those of ITER and could provide a definitive assessment of this issue~see, for example, Ref. 5!.
I.C.4. Collective Effects
Ion cyclotron resonance heating with H or 3 He minority heating is able to produce a large component of energetic particles in the mega-electron-volt range on FT3. Because of the high plasma current, the fast ions are well confined. Furthermore, the high-density regimes achievable on FT3 allow one to obtain regimes characterized by a slowing-down time shorter than the energy confinement time, making the study of collective modes on FT3 fully relevant for a BP. The fast particle beta achievable on FT3 allows the study of a variety of resonant modes ranging from low-frequency fishbones to high-frequency energetic particle modes. These collective instabilities are potentially the most dangerous in view of a BPE, and an early assessment of their effect is important. A typical set of parameters for collective mode studies on FT3 is presented in Table III and compared to the ITER values. The fast ions are assumed to be described by a slowing-down distribution with an effective temperature T eff given by the Stix's formula. The ICRH power deposition is assumed to be given by a Gaussian profile with a characteristic width D ϭ 0.2a, yielding a core localized heating profile and fast particle content b H0 is the central value of the fast particle beta!. The minority concentration has been assumed as 1% except in the fourth column of Table III , where a concentration of 2% has been considered.
I.C.5. Advanced Tokamak Studies
The main features of FT3 operations are the high magnetic field and the high plasma density, which make possible operation in conditions relevant to advanced tokamak operations in a BP. More specifically, in FT3 plasmas, the electron heating is the dominant heating, like in a BP, and because of the collisional coupling between ions and electrons at high density, the ion temperature remains close to the electron temperature. Such conditions make these kinds of studies in FT3 completely new since they are very similar to those of a BP. Specific issues that might be addressed by FT3 could be the role of collective effects in these scenarios. A preliminary study of fully noninductive scenarios has been performed~see column 4 of Table II! using a onedimensional transport code with the electron thermal diffusivity modeled by a mixed Bohm0gyrobohm expression, 6 assuming the launch of 3 MW of lower hybrid power. Steady-state conditions are achieved in ;3 s. Figure 4 shows the time evolution of the energy confinement time; plasma density; ion and electron temperatures~axis values and volume-averaged values!; and poloidal~b p !, toroidal~b T !, and normalized beta~b N !. The radio-frequency~rf ! waveforms are also shown. The density profile is assumed to be quite peaked, as expected in this kind of scenario, with a central value of 4 ϫ 10 20 m Ϫ3 . Both the ion and electron temperatures are broad because the deposition profiles are mostly offaxis, and both reach 5 keV in the central region where 
I.C.6. Enhanced L-Mode Studies
Plasma operation in the so-called enhanced L-mode regimes, obtained with peaked density profiles and0or radiating edge, are also of interest for a BPE. The ITER97 scaling for the L-mode yields
showing that this regime might be particularly favorable at high-collisionality, low-beta plasmas. Note that at low beta a larger profile peaking is allowed by MHD stability.
I.C.7. PEP Mode
Multiple deep pellet injection has been shown in FTU to produce quasi-steady-state confinement enhancement with record ntT values and neutron production. The energy confinement time obtained in this condition is consistent with the ITER97L scaling. 7 Crucial for the achievement of this regime is the production of peaked density profiles, which is obtained in FTU with a multiple fast pellet injector~see Chapter 4 of this issue!. The injection velocity~up to 1.4 km0s! is enough to allow a deep penetration in ohmic plasmas~with a target temperature of ;2 keV!. In FT3 such a velocity is not enough to produce deep fueling, and a velocity in the range of 4 to 5 km0s is required, which is compatible with results already achieved. 8 The triple product ntT increases with density profile peaking both because improved energy confinement is achieved and because the central pressure~and therefore the alpha-particle power density! increases with density peaking for a given global confinement scaling. Therefore, it is crucial to show the possibility of deep pellet injection at high temperature in view of BPEs.
I.C.8. Radiative Improved Mode
The radiative improved~RI! mode has been proposed as a possible scenario for BPEs since it corresponds to a high-confinement regime close to the Greenwald density limit and in the presence of an edge radiating layer where up to 90% of the input power is radiated. Limited impurity accumulation in the plasma center is observed so far. The main contribution of FT3 in this field is to show the feasibility of this scenario at high plasma density and with central fueling by deep pellet injection. The use of an RI mode at high density requires the achievement of a plasma target with a very low radiated fraction, as shown in FTU by using boronization techniques.
I.C.9. Plasma Wall Interaction and Scrape-Off-Layer Physics
The divertor similarity parameter P0R is similar in FT3 with respect to the existing experiments. Thus, the essential parameters of the scrape off layer~SOL! would not be different from that expected in ASDEX-U and JET, but it could be studied in different core regimes. Indeed, upon considering the condition for plasma detachment~i.e., the formation of a strong pressure gradient along the open magnetic field line!, it is possible to show that plasma with high edge density can enter more easily into the detached conditions. In FT3, plasmas with improved confinement regimes~^n& Ͻ Ͻ n GW ! could be compatible with a strongly detached divertor, with the additional advantage of being able to operate and investigate these plasmas with much relaxed heat loads. Note that although divertor-specific studies have not been studied in detail, the poloidal field~PF! system is sufficiently flexible to allow various divertor configurations to be explored, but at reduced performance. An adequate pumping capability could be also inserted at a later stage.
II. MACHINE DESIGN
The FT3 machine load assembly, Figs. 5 and 6, consists of the toroidal magnetic coil @toroidal field~TF! coil~TFC!# system made of 24 coils, the poloidal magnetic field coil @poloidal field~PF! coil~PFC!# system made of 10 central solenoid~CS! coils and 6 external coils, the vacuum chamber~VC! with 12 equatorial and 12ϩ12 upper-lower vertical ports made of 20-mm-thick stainless steel fully welded sectors, the mechanical structure, the bus bar system, and the cooling pipes. The FT3 study has been largely based upon the experience of the IGNITOR design. 9 Operating the machine at an initial temperature of 40 K with He gas at 30 K as the cooling medium is proposed. The reason for such a choice is that one of the most demanding issues of FT3 is the electric power needed to feed the magnetic system, which would imply the installation of a greater flywheel generator power supply. To overcome this issue, the utilization of the grid has been considered by extending the ramp-up time of the toroidal magnet enough to be compatible with the available grid voltage, i.e., 45 kV. Consequently, the load assembly is kept under vacuum inside a stainless steel cryostat with several feed-throughs for penetrations of bus bars, fluidic pipes, and support legs. The cryostat overall dimensions could be assimilated to a 5.8-m-diam, 5-m-high circular cylinder. Penetrations are provided for the 12 equatorial ports and the 24 vertical ports. Eight tubular legs entering the cryostat support the machine. The legs are connected to a stiff bottom ring, which supports the TF magnet system by means of 24 attachments. A stainless steel belt fitted to the outside zone of the coil itself contains each TFC. In order to guarantee the structural continuity, a series of fiberglass-epoxy rings embrace the 24 stainless steel belts. These structures contribute further to the neutron shielding and give a set of vertical forces that constrain the TFCs and provide a beneficial compression stress in the TFC inner leg.
The CS is taken in place by means of a central post, which axially constrains the CS through a spring washer compression stack. The machine VC is connected to the TFC system by means of sliding supports connecting the equatorial ports to the TFC mechanical structure. A set of special brakes supporting radially the equatorial ports to the belts is foreseen to prevent higher VC stress during disruptions. These brakes can be remotely locked just before the pulse by means of mechanical actuators, while allowing thermal movement of the VC between pulses. The machine dimensions and weights have been designed to comply with the FTU torus hall dimensions and lifting crane capability. The overall load assembly weight has been estimated to be 160 t.
II.A. The PF System
The PF is generated by an 8 ϩ 8 coil system~see The insulation system has a maximum thickness of 1.2 mm between turns, 1.8 mm between layers, and 2.3 mm to ground. The number of turns has been chosen for each type of PFC by taking into account several factors: manufacturing and geometrical constraints; cooling system efficiency; and, primarily, the maximization of the current in the turns keeping, at the same time, their voltage at low values and their filling factor as high as possible. The interturn, interlayer and ground insulations have been designed taking into account the maximum voltages and stresses that can arise during normal operations, plasma disruptions, and faults to ground of the power supply. The coil temperatures have been calculated taking into account the resistive effect. The maximum temperature rise is ;20 K. The primary function of the CS is to produce most of the magnetic flux variation needed to drive the plasma current according to prescribed scenarios. The CS is radially subdivided into two concentric groups of coils in order to maximize the magnetic flux variation while keeping the coils within their mechanical strength limits. The axial subdivision in four layers is required to make the coil manufacturing easier. The external PFCs~P10 ' and P11 ' ! are manufactured as wound layers, while the P14 coils are manufactured as nine pancakes connected in series. They have been designed to withstand, by themselves, the electromagnetic radial loads, while all the axial loads acting on them are transferred to the structural support by means of their own supports. The process to wind the coil includes operations such as brazing, hardening of the conductor after brazing, surface treatment, priming and insulating, winding of the conductor in the coil, and final impregnation.
The axial magnetic field interacts with the transformer current flowing toroidally to produce an outward radial force that appears as a hoop stress in the P1 conductors. A two-dimensional~2-D! axis-symmetric model has been developed to evaluate stresses in each component of the CS. In the conservative case~without interaction between the CS and TFC!, the maximum Von Mises stress is ;240 MPa in the copper alloy conductor. For Cu-Ag the yield strength is 390 MPa, while the allowable value is 300 MPa at operating temperature. The central post heads~upper and lower! withstand the repulsive load produced by coils P6~;1.7 MN for a limiter scenario at 8 T, 7 MA!. A spring washer system, assembled on the heads, ensures a precompression of the coils to prevent any relative vertical movement but allows for thermal expansion. This solution gives greater freedom in programming the currents in the CS coils and, hence, much more flexibility in changing the operating scenario. In the case of a plasma vertical displacement event~VDE! disruption, an ;5-MN vertical load is produced on the CS~single-null scenario!. This load is resisted effectively by the central post of the CS.
II.B. The TFC System
The required toroidal magnetic field is produced by the TF system, as shown in the machine cross section. The forces on the TFCs are generated by the interaction between the electrical currents~I c ! and the toroidal~B t ! and poloidal~B p ! components of the magnetic field. The interaction between I c and B t gives origin to in-plane loads, while the I c B p interaction produces out-of-plane loads. The TFC system shall provide a field up to 8 T at the major radius R 0 ϭ 1.32 m, corresponding to a current of 52.8 MA turn. The toroidal magnet is subdivided into 24 coils~TFCs!~see Fig. 7 !; this choice is suggested by the criterion that the ripple of the magnetic field should not exceed 1.5% at the plasma outer edge.
The number of turns per coil is kept as low as possible to maximize the filling factor of the conductor. Taking into account that there is a maximum of the current that can be reasonably driven in each turn, a solution of ten turns, corresponding to 220 kA, per coil has been adopted. With this solution an average filling factor of ;0.9 can be achieved; thereby, the average current density at B T ϭ 8 T is ;60 MA0m 2 over the conductor inner cross section, on the equatorial plane. In fact, there is no gap between the inner legs of successive coils. The coil maximum temperature rise in the throat region at the end of the pulse is DT ; 90 K. The material selected for the toroidal coils is hard~60% cold-rolled! electrolytic tough pitch~ETP! copper; its yield stress is equal to 335 MPa at room temperature, and the ratio of its resistivity at 293 K to its resistivity at 77 K~residual resistivity ratio! is ;7.6. The insulation is made of boron-free glassreinforced epoxy sheets~0.25 mm, glass 60%, resin 40%! for the interturn insulation and boron-free glass-fabric vacuum impregnated with epoxy resin for ground insulation. The structural material that embraces each TFC is austenitic stainless steel, which is nonmagnetic and has a very good toughness at the working temperature, i.e., 40 K.
Each of the 12 modules of the toroidal magnet includes two D-shaped TFCs and four C-shaped open steel casing embracing the outer side of the TF. The shape of the toroidal magnet cavity has been chosen to match the elongated cross section of the plasma column. The adopted configuration of equally spaced coils leaves sufficient spacing in the external regions for 12 ports. The inner leg of each coil has a trapezoidal cross section; the external part has a rectangular cross section. The radial inward forces are resisted by means of "wedging" the TFC inboard legs. Furthermore, at the maximum performance scenario~8 T, 7 MA!, a "bucking" between the TFCs and the CS contributes~together with the wedging! to maintain the maximum Von Mises stresses at ;240 MPa within the allowable limit for ETP copper.
The turns~ten per coil! of each TFC are made of 2400-ϫ 1800-mm, 25-mm-thick, cold-rolled ETP copper plates machined to get D-shaped turns. Each plate is also bent relative to the vertical plane at the beginning of the tapered zone, progressively increasing the bending angle from the central to the lateral turns. The coil helix is carried out by cutting each turn in correspondence to the external equatorial cross section and brazing the two adjacent ends. The electrical leads of each coil and the connections between the different coils are arranged so that no poloidal flux can build up in the whole TF magnet. The insulation between turns is made of two 0.25-mm-thick glass-fabric epoxy sheets, especially corrugated to allow a better resin penetration during the vacuum impregnation process, made to bond the turns to each other. To complete the interturn insulation, assuring continuity of insulation between adjacent copper turns, prefabricated caps are fitted at the edge of the turns. The ground insulation consists of a 2-mm-thick, R-grade glassfabric vacuum impregnated with epoxy resin. The surface of the inboard side of the TFCs, facing the CS, is covered with a steel liner in order to obtain a smooth surface. The cooling channels are placed along the inner edge of the coil outer leg. Helium gas at 30 K flows through a 10-mm-thick gap carved between the coil surface and the ground insulation.
A preliminary stress analysis has been carried out to verify the stress arising in the TFC during the most demanding operating scenario, i.e., 8 T, 7 MA. The FORTE and ANSYS finite element codes have been used for both electrical current and temperature distribution and stress analysis. Table IV summarizes the temperature and stress results at the TFC throat. The stress analysis has been made without taking into account the contribution of the precompression ring; thereby, the TFCs are considered to be standing alone. Figures 8a through 8d show the stress distribution~see also Table V!. The allowable stresses have been established on the basis of the extensive fatigue tests carried out in the past for FTU and IGNITOR. They are assumed as follows: primary membrane stress ϭ 0.8 ϫ s 0.2 , primary bending stress ϭ s 0.2 , total ϭ s u , and stress range ϭ 2 ϫ s 0.2~w here s u is the ultimate strength and s 0.2 is the yield strength!. According to these assumptions the material~ETP copper! allowable is listed in Table VI . Taking into account the fabrication process that provides very good bonding strength, as evidenced from the FTU insulation system, the allowable interturn shear is assumed to be 30 MPa at 80 K for pure shear and 60 MPa for shear in combination with minimum compression of 80 MPa. It is fairly evident that the TFC can operate with a large safety margin, considering that the maximum shear stress is limited to a very narrow area.
II.C. Vacuum Chamber, First Wall, and Divertor
FT3 has to operate with elongated plasmas in both limiter and X-point configurations. This implies that the VC has to have a D shape and that both first-wall~FW! panels and divertor plates have to be provided. Furthermore, room has to be provided for the ICRH antennas. Having considered all the requirements, a possible layout of the VC is shown in Figs. 9a and 9b .
II.C.1. Vacuum Chamber
The FT3 VC is a D-shaped, 20-mm-thick fully welded modular stainless steel structure. Each of the 12 modules is made by welding three sectors obtained by bending flat plates. The VC carries 12 equatorial and 12 ϩ 12 vertical ports. The equatorial ports have a 190-ϫ 800-mm rectangular area, while the vertical ports are almost triangular with a maximum width of 140 mm and a maximum length of 390 mm. Ports are adequate for the required diagnostic system, the ICRH system, remotehandling access, etc. The VC is made of stainless steel that has been preferred to INCONEL for its lower activation and cost in spite of its higher electrical resistivity and strength. On the basis of a very preliminary evaluation that is to be checked by more appropriate numerical simulations, the 20-mm-thick wall has been considered adequate to resist the plasma disruption loads. It has been assumed that the VDE occurs at approximately constant plasma current until the safety factor q at the plasma boundary decreases to a limit value: At this time, a low-q limit disruption occurs, and a fast plasma current quench follows at a rate of ;1.5 MA0ms. The simulation of the disruption events has been performed using the MAXFEA code. A growth time of ;10 ms has been obtained for the up-down symmetric~limiter! configuration, while for the downward VDE occurring in the SN configuration a growth time of ;9 ms has been found. The total vertical force produced by the VDE on the vacuum vessel for the limiter configuration at 8 T, 7 MA has been evaluated also with MAXFEA. The maximum values of the vertical forces are listed in This implies for the vacuum vessel of FT3 a net radial force F r Х 8.6 ϫ 10 6 N. The structural analysis 10 performed for the IGNITOR device, which has the same geometry and same average vessel wall thickness although different material~INCONEL 625 for IGNI-TOR and AISI 316 austenitic steel for FT3!, has considered a case with the same electromagnetic maximum forces as in Table VII . Such a case gives results well within the allowables~a factor of ;5 in plastic deformation!. Since the plastic deformation limit allowed for INCONEL is the same as that allowed for AISI 316 steel, we are confident the FT3 wall thickness is adequate. Specific analysis to confirm this finding will be made in due time.
II.C.2. First Wall and Divertor
The FW panel covers ;10 m 2 , while the divertor see Fig. 10 ! plate covers ;3 m 2 . TZM molybdenum alloy has been selected as armor tile materials. FW tiles have a surface area of ;60 ϫ 80 mm. In order to limit at a minimum the divertor volume, the plates that have a total length of ;500 mm consist of TZM tiles with a flat poloidal profile inclined by ;30 deg with respect to the separatrix. The size of the TZM divertor tiles is determined on the basis of the electromagnetic loads during plasma disruptions and the thermal flux during normal operation. The formula that gives the push-pull moment on a tile neglecting skin effects is given with a good approximation by
where a, b, and c are, respectively, the width, length, and thickness of the tile, s ϭ 1.6 ϫ 10 7~V {m! Ϫ1 , taken conservatively at room temperature, while the tiles can reach up to 14008C, B F ϭ 12.5 T at the inboard of the vacuum vessel andB r Х 140 T0s, in the case of a disruption time constant of 5 ms and a flux density of 0.7 T in the equatorial plane, without considering the stabilizing effect of the vacuum vessel. Assuming a tile dimension of 60 ϫ 80 ϫ 20 mm, a bending moment M ' 380 Nm results, which could be reduced significantly, by a factor of ;2, if the effect of the vacuum vessel is taken into account. However, the higher value is used in this analysis in order to be on the safe side. Thus, the expected stress is of the order of 200 MPa, which is within the allowable limit. Although the time constant L0R is shorter than the disruption time constant for tiles of these dimensions and a skin effect is expected, the correction to the estimate for M given above is negligible. The maximum power load on the divertor target was calculated for the two reference SN and X-point scenarios: 2.4 MA, 5 T and 6 MA, 8 T. An asymmetry between the power flowing in the two divertor legs is to be expected in the H-mode operation, at least for ¹B drift toward the single null. So, a power load higher by a factor of 2 was assumed for the outer channel with respect to the inner one. Calculations were carried out for the outer channel by assuming a total power input in the plasma core of 25 and 12.5 MW for the high-and low-current scenarios, respectively, and a radiated power fraction of 30% for both scenarios. The divertor target area wetted by the plasma, for normal incidence of the magnetic lines in the poloidal cross section and a continuous divertor surface without gaps and tile chamfering, is given by A wetted ϭ 2pR sp l E F0sin~q R ! , where R sp ϭ radial position of the strike point l E ϭ energy e-folding length at the outboard midplane F ϭ flux expansion factor q R ϭ incidence angle of the poloidal magnetic field and the plate surface.
By assuming l E ϭ 0.01 m, consistently with ASDEX-U and C-MOD data, and using the magnetic equilibrium data from the MAXFEA code to determine F, the wetted area and the corresponding heat load were calculated for five flux tubes starting from the separatrix and separated by 2 mm from each other at the outer midplane. No plasma diffusion in the private region is assumed. The resulting maximum power load for q R ϭ 30 is in the range of 6 MW0m 2 for the scenario at 5 T, 2.4 MA, which is the most critical since a pulse length of a few seconds is required.
The maximum power and energy densities for the FT3 FW and divertor tiles are limited by the maximum temperature gradient DT, which has been calculated by finite element method analysis. A simplified sensitivity analysis has been done considering the tiles as semi-infinite plates. To avoid excessive tile temperatures during a duty cycle of ;40 min and recrystallization, a maximum temperature excursion DT of ;10008C is considered allowable. Such a DT is expected to be compatible with thermal stresses in the tiles in a carefully designed mushroom-type tile support. Because of the relatively small size of the tiles, it is further assumed that they are 100% wetted, and thus, the maximum power0 energy density capability of the tiles is given in Table VIII . Note that the TZM thermal diffusivity is such that the tiles, in the conditions of Table VIII , behave practically effectively as semi-infinite plates. This results in the minimization of the maximum tile temperatures that usually determine the divertor power and energy handling limits.
II.D. Assembly and Maintenance
FT3 has been designed to be installed in the existing FTU torus hall. Some constraints have been therefore taken into account concerning the overall dimensions, weight, and position of the machine equatorial plane. An assembly procedure very similar to the one used during the FTU assembly has been taken as a reference. The first assembly phase consists of preparing a suitable site to support 12 VC sectors and 24 TFCs. Extensive use of optical metrology systems has been planned to reduce assembly clearances and gaps. Each sector of the load assembly completed with most of the FW panels and ICRH antennas will be moved and located at the adjacent sector. A remotely operated welding tool will be used under close control of the operator to join the VC sectors. After the completion of each welded joint, a vacuum leak test will be carried out followed by a full geometrical survey of the sector to identify any possible distortion to be recovered by machining of the adjacent sector. Two final closure welds will be performed completely by remote tools. Once the VC is completed, the VC and TFCs will be moved from the assembly room to the torus hall on a special trolley and lifted up in position with the FTU bridge crane~100 t of load capability!. The machine load assembly will then be completed on-site, adding the support legs, CS, PFCs, and cryostat. To perform the planned activity and to maintain the machine during the operations, some remotely handled tools have been envisaged. In particular, further to dedicated welding tools~to be developed!, a general-purpose articulated boom has already been designed to accomplish several tasks including FW replacement alignment and geometrical survey, and FW inspection; see Fig. 11 . This articulated boom is based on six rotational modules and one translation module controlled on a local area network. The boom payload has been temporarily set to 500 N. The maximum expected deflection is ,2 mm.
II.E. Licensing, Activation, and Radioprotection
The licensing issues and the activation of the device components are considered based on the following operation agenda: The resulting total neutron production is 5 ϫ 10 19 neutrons0yr.
II.E.1. Licensing
The existing FTU license fixes two limitations on the neutron production yield, Y , 6 ϫ 10 15 neutrons0 shot and Y , 6 ϫ 10 18 neutrons0yr. In FT3 both the above limits would be exceeded by factors of 30 and 8, respectively. As a consequence, it will be necessary to ask for a new licensing. The authorization for this kind of nuclear facility is given by the Ministero dell'Industria, with the agreement of the Ministero dell'Ambiente, Ministero del lavoro, and Ministero della Sanità, given the assent of the licensing authority and of the competent region. The procedure would be very similar to that already followed for FTU. The FTU torus hall lateral walls are 220 cm thick; the roof is 150 cm thick. The expected dose rate levels outside the shielding walls can be obtained on the basis of those calculated for FTU~at the maximum allowed neutron production limit 11 multiplied by 2.5 to take into account the up-to-date radiation factors for neutrons, with a proper normalization to the new expected yields. This correction is very conservative as it is applied also to capture gamma rays~as the contributions from neutrons and from gamma rays cannot be distinguished in Ref. 11!. Moreover, the attenuation due to the tokamak structure is not taken into account. As a consequence, the resulting dose rate levels outside the shielding walls, given in Table IX , include a total safety 
II.E.2. Activation of Device Components
The evaluation of the activation of the device components has been obtained using the available activation calculations performed for both FTU~Ref. 11! and IGNITOR~Ref. 12!. The neutron fluxes calculated for DD plasmas using the Monte Carlo MCNP code in the case of IGNITOR are available. Using these fluxes, the contact dose rates have been calculated for some structural materials using the FISPACT code. In the FISPACT calculation for IGNITOR, the operation agenda assumed a total number of shots per year equal to 1230. The same agenda has been used for the FT3 calculations, but the total yield per shot has been fixed to 4.2 ϫ 10 16 so that the total yield is 5 ϫ 10 19 in 1 yr.
II.E.3. Results
The obtained results are to be considered representative of medium-and long-term activation, while they could underestimate the short-term activation after highperformance shots with a neutron production of 2 ϫ10 17 0 shot. For this last case, the calculation has been repeated assuming an average production of 8.3 ϫ 10 16 neutrons0shot in the last week of operation. The resulting dose rates after the yearly cycle of 1230 shots are given in Table X , assuming medium-performance shots in the last week. All given values refer to 1 day of cooling time after the last shot. The contact dose rates versus cooling time are shown in Figs. 12a through 12d for the same components of Table X. In the calculation, the neutron fluxes and spectra previously obtained for IGNI-TOR were used. The dose rates outside the cryostat were calculated with MCNP using a simplified cylindrical model for the device. Considering that the inner components are significantly shielded by the more external ones, the most important contribution to the dose outside the cryostat is given by the external structure~magnet mechanical support!, which, at the moment, is defined as a set of 8-cm-thick belts made of stainless steel. It can be seen from Table X that the shielding effect of the supporting structure reduces the dose rate due to the magnet by two orders of magnitude. However, since the structure is not continuous~i.e., there are void spaces between adjacent coils!, it was considered useful to give the dose rate for the nonshielded magnet case also. The calculation of the dose rate due to the external structurẽ magnet mechanical support! has been repeated assuming high-performance shots in the last week of operation, with an average production of 8.3 ϫ 10 16 neutrons0 shot. The values obtained, again relative to 1 day of cooling time, are 60 mSv0h in contact and 11 mSv0h at 30-cm distance from the cryostat. The time behavior of the contact dose rate is shown in Fig. 12d~dashed curve!. On the basis of the results discussed above, it can be said that the conclusions formulated for FTU are still valid also for FT3. In particular, the following may be stated:
1. The normal working procedures on the device and on diagnostics systems can be performed, in some cases after a short cooling time, always under the careful control of the radioprotection staff; note that the maximum annual dose of a professionally exposed worker is 20 mSv~with 50 mSv maximum in 5 yr!.
2. The decommissioning, or main repairs of the device components~especially in the case of the vacuum vessel!, may require special precautions and0or long cooling times.
3. No need is foreseen for remote-handling systems, different from those already in use on FTU for operations on the innermost components.
4. The expected activation levels may require the preparation of ad hoc repositories to store some dismounted activated components. Simple, waterproofed hollows, with suitable light protective structures, appear adequate~similar solutions have been adopted at the neighboring Istituto Nazionale di Fisica Nucleare for the most activated accelerator components!.
III. THE rf SYSTEMS
A description of the present FTU heating system can be found in Ref. 13 . Here, we outline only the difference with the present situation.
III.A. The ICRH System
The main additional heating system for the FT3 tokamak machine is based on ICRH waves coupled with the plasma through conventional strap antenna elements. The target is to couple up to 20 MW of ICRH power for the two basic scenarios considered for FT3 at 5 and 8 T.
The main role of ICRH waves is to centrally heat the plasma center independent of the value of the density. Among the various heating schemes, the minority heating scheme seems to be best suited mostly based on technical considerations. In addition, this scheme is the more robust one as far as heating is concerned, is well proven in a large number of machines, and allows the larger damping per pass absorption to be achieved. Although such a system would ideally be able to operate from 50 to 120 MHz in order to have some flexibility, for practical reasons it is assumed to operate within a narrower band of frequency~70 to 90 MHz! by using H or 3 He minority heating at 5 and 8 T, respectively. Preliminary analyses show that the damping is very good for both minority species, but damping per pass reaches 80% for hydrogen minority, and only 50% for helium minority. The latest value is not very large but was sufficient in similar schemes in JET~and other devices! to have good overall wave absorption. Attention shall be given to have a helium minority concentration in the range 3 to 8%. Note that a measurement of minority concentration in FT3 will be very useful. A detailed estimation of the corresponding fast ion tail has to be done in order to assess if the two main roles of ICRH in FT3, namely, effective central heating and simulation of alpha particles, can be fulfilled. An initial estimate indicates that tails well in excess of 100 keV can be produced with H minority. 14 The rf system will be designed to operate in the frequency range 70 to 90 MHz with a first stage of injected power amounting to 10 MW. Because of the modularity of the system, this power can be easily duplicated up to 20 MW in a second stage. The system main characteristics are given in in TFTR and C-MOD~E and D ports!, and 12 MW0m 2 in Tore Supra. Both two-strap antennas in C-MOD and Tore Supra have allowed, respectively, up to 8 MW in Tore Supra and 4 MW in C-MOD to be launched with two antennas with high voltage and high power density. It is to be noted that the size of the horizontal ports is quite similar between C-MOD and FT3. Because of the relatively small size of the FT3 ports, the use of capacitors inside the ports is not possible, and a strap fed with coaxial cable grounded in the center~as in C-MOD! is considered. This requires that the antenna be built inside the machine, i.e., to assemble parts of the antennas using remote-handling tools. Each port will have to accommodate four coaxial feeds~;12 to 15 cm in diameter!, which will likely prevent other usage of the port. The proposed scheme is therefore similar to the one used in C-MOD, as follows:
1. There are four coaxial feeds in one horizontal port.
2. There are two straps, with each one fed by two coaxial feeds~out of phase! on each side of the port.
3. The dimensions of each strap will be ;80 cm in height and 15 cm in width. The straps will be separated by ;15 cm. 4 . Each strap will be grounded at the center.
5. A Faraday screen will protect the antenna.
6. First-wall facing components will have to be coated with titanium carbide~proven technique in Tore Supra!. 7. A critical dimension is the distance between the Faraday screen and the wall and requires a detailed design to be assessed. The larger the distance, the better it is for coupling. A crude estimate gives for its minimum value a value in the range 12 to 14 cm, which seems to be just acceptable for FT3.
8. The rf area can be roughly estimated to be 0.5 m 2 . The unit transmitter power being 2 MW~at the generator!, it is convenient to use one transmitter feeding one strap. Therefore, each antenna will be fed by a 4-MW unit, a launched power of ;3.3 MW per two-strap antenna once various losses and reflections are taken into account. This corresponds to a 6.6 MW0m 2 power density, which is a large value but a value that has been exceeded in the best present antenna design.
III.A.1. Radio-Frequency Generators
The state of the art on the high-power amplifiers, in the frequency range of interest, allows one to obtain an output power of ;2 MW0generator for long-pulse operation and the voltage standing wave ratio~VSWR! better than 1.5:1. Each generator is based on a low-level, solid-state oscillator with phase locked loop control and a pin diode switch0modulator that drives a three-stage amplifying chain composed of a transistorized 2-kW preamplifier, a tetrode driver stage~;100-kW output!, and a 2-MW final tetrode stage. The final stage is coupled to the high-power transmission line through a motorized tuning coaxial cavity, which allows one to preset the operating frequency before the rf pulses. The final power amplifier is usually operated in the ground grid configuration with efficiency better than 50% for "class B" operation. A regulated direct-current power supply will deliver to each rf generator a total power of ;4.2 MW at 24 kV. A closed-loop phase control system will ensure the correct difference of phase between the straps, detecting the signals on the directional couplers placed at the end of the transmission line and acting on the phase locked loop phase control placed on the solid-state, lowlevel oscillator. A typical set of parameters of similar rf generators already operated on Tore Supra is summarized in the Table XII.
III.A.2. Radio-Frequency Transmission Line and Matching System
The rf generators deliver the output power on a 50-V, 9 3 16 _ -in., rigid coaxial line that is characterized by a theoretical attenuation of 0.1 dB0100 m and an average power rating of 700 kW~when pressurized by dry air at 42 psig!. The operating voltage at 2 MW~1.5:1 VSWR! is 14 kV~over a maximum cable-operating capability of 45 kV!, which corresponds to a maximum electric field gradient of 1.7 kV0cm. For satisfactory operation of the generators and good transfer of power, it is necessary to operate on a matched load at maximum VSWR 1.5:1. Mismatched loads, due to antenna impedance, produces standing waves in the transmission line~with increase of the electric field! and reduces the efficiency of the generators. In order to overcome these problems, the transmission line will be designed with the following criteria:
_ -in. rigid coaxial line~;100-m length! will transfer the power from the generator hall and approach the experimental hall.
2. Two stub tuners with an adjustable line stretcher in between~trombone device or equivalent structure! will terminate and match the 9 3 16 _ -in. coaxial section, close to the experimental hall.
3. A 3-dB coupler~power divider! will split the power into two 6 1 8 _ -in. rigid coaxial lines equipped by U line stretchers to properly set the phases between the two output branches.
4. This second section~;15-m length! is strongly mismatched~typical VSWR 6:1! and connected to one, out of two, center-grounded strap of the antenna through a properly designed vacuum feeding line~;30-V impedance!.
5. The possibility of using additional prematching tuners, placed at the end of the two 6 1 8 _ -in. rigid coaxial cables, close to the antenna, to reduce the mismatch in this part of the transmission line, has to be considered in the detailed design of the system, taking into account the mechanical constraints in the experimental hall.
III.A.3. Summary
The above devices are not suitable to compensate the matching impedance variations during the pulse, and they can be integrated with a closed-loop frequency control matching for small impedance variations. A scheme of the ICRH system is shown in Fig. 13 .
III.B. The ECRH System
The electron cyclotron resonance heating~ECRH! system at 140 GHz on FT3 is dedicated to stabilization of NTMs, to assisting shear control by electron cyclotron current drive~ECCD!, and to efficient electron heating by accurate control of electron cyclotron wave absorption localization, in 2.5-MA plasmas at B ' 5 T TF, 5-s flattop duration. NTMs of order~3,2! in high b u , 2.5-MA plasmas can be fully suppressed with P '1.2 MW of power coupled to the plasma~ECRH and ECCD!, while the~2,1! mode needs '2.4 MW to be controlled. This power should be available for a significant fraction of the current flattop~e.g., 2 to 4 s! in order to achieve the goal of high b operation in optimized scenarios up to almost steady-state conditions. The ECRH system should be able to automatically intervene for NTM tracking and suppression before the mode is fully developed to its saturation amplitude. Plasma heating and assistance to shear control for advanced scenarios can be performed with 2.4 MW for '2 s, or several energy confinement times. A major constraint for the system design is the requirement to use the equipment built for ECRH experiments on the FTU at 140 GHz, 1.6 MW of coupled power, to the largest possible extent. In particular, the gyrotron magnets and supporting structures, the transmission lines, the torus windows, and the power supplies regulated high voltage and auxiliary units! are still to be used. The system has also to be adapted to the existing torus hall, buildings, and auxiliary systems.
III.B.1. System Overview
The ECRH system is composed of four units, identical apart from the length of the transmission line connecting each one of the four gyrotrons to the launcher inside the vacuum vessel. Each unit has its own source section, a transmission line section, and a launching section. The source section includes the gyrotron, fitted with a quasi-optical matching optics unit for reshaping the gyrotron's output beam into a clean~Ն98%! symmetric Gaussian beam, and a set of mirrors for polarization control and optimum coupling to the waveguide mode. The gyrotron's capability of delivering a millimeter wave beam with a power in excess of 0.8 MW for more than 2 s through a single-disk BN ceramic window, edge cooled for shot-to-shot heat removal, has already been demonstrated. The successful development of a depressedcollector scheme to gyrotrons has increased the overall efficiency above 50%. This allows the use of the available regulated high-power voltage supply as a substantial part of an upgraded power supply system. The ECRH system for FT3 therefore includes four new gyrotrons at 140 GHz, with an output power Ն0.8 MW and a pulse length .2 s. The transmission line is made of a circular waveguide~88.9 mm inside diameter! with corrugated walls for HE 1,1 mode transmission, and five mitretype bends, all at 90 deg, to accomplish all the necessary changes in the waveguide path. All four transmission lines are already available. The launcher includes the four barrier windows and four sets of mirrors, one set for each line, for beam reshaping and launch. The last mirror in the set is movable to allow an oblique injection both in the poloidal and in the toroidal directions. The barrier windows are those already installed on the FTU. The launcher, instead, is new, in order to fit FT3 ports and to fulfill the new requirements of beam steering. The main losses in the system are summarized in Table XIII . The ECRH setup for FT3 would be basically identical to the solution now being designed for ITER, where oversized corrugated waveguides carrying the HE 1,1 mode are used for the long runs and quasi-optical components are used at both ends to match, respectively, the gyrotron output and the launcher input. The main difference might be that the waveguides on FT3 will not be evacuated, contrary to the present design of the ECRH system for ITER. It should be noted, however, that because of safety rules concerning tritium containment, pressurized waveguides are now being evaluated as better suited to reactor-grade ECRH systems. The experience gained by operating the pressurized waveguides in the FT3 device would therefore provide extremely useful data for settling this question of evacuated versus pressurized ECRH systems. Most parts of the ECRH system for the FT3 device are those built and used for ECRH at 140 GHz, 0.5 MW0line, 0.5 s on FTUs~see Chapter 11!.
III.B.2. Gyrotron
Strong R&D is being performed aimed at the production of reliable tubes in the millimeter wave frequency band~'110, '140, and '170 GHz!, with 1-MW power output with a duration from 10 s to continuous wave~CW!. This development is supported in view of ECRH applications on the ITER device and, on a shorter timescale, to provide ECRH power for existing fusion experiments as TEXTOR~140 GHz!, ASDEX-U~110 to 140 GHz!, Tore Supra~112 GHz!, JT60-U~110 GHz!, LHD~168 GHz!, and W VII-X~140 GHz!. Window loading due to rf losses in the dielectric vacuum barrier and collector loading of the spent electron beam energy are key issues for extending both power output and pulse length. Although edge-cooled diamond disks are necessary for CW operation at 1 MW, prototype tubes at 140 GHz with a BN disk have been pulsed at 0.8 MW for up to 3 s~gyrotrons developed by Gycom for ECRH in the TEXTOR tokamak!. This prototype unit has an internal converter coupling through the window, a millimeter wave beam with a flat power density distribution, and a pair of phase-correcting mirrors~in air! for recovering the ideal free-space Gaussian distribution. The successful use of a depressed collector results in strongly reducing the collector loading, for a given power output, with respect to older diode-type tubes. It is feasible therefore to design a gyrotron with 70-kV cathode-collector voltage, 25-A beam current~the same as for the diodetype 0.5-MW gyrotrons in use for ECRH experiments on the FTU!, with a cavity kept at ϩ30 kV with respect to the collector by a supply with ,0.2-A current capability. The estimated power output is 0.8 to 0.85 MW in the millimeter wave beam, depending on the effective efficiency of the internal quasi-optical cavity to the freespace mode converter. A possible layout of such a gyrotron is shown in Fig. 14. This tube would fit the available magnets~mechanical dimensions and magnetic field distribution!. Some improvements~e.g., sweeping coils! might be necessary to extend collector loading up to at least 2 s. Some arcing was observed in the polarizer during ECRH experiments on FTU at 0.5 MW0line, due to both the presence of dust particles and to a relatively poor power-handling capability for particular orientations of the corrugations in the l04 mirror. Dust will be avoided by a more accurate sealing of all the closures, also necessary for pressurizing the whole line, but the main effort must be devoted to lower the electric field inside the mirror corrugations. This will be accomplished by taking two actions:
1. Optimization of the corrugations~shape and separation!. A 30 to 40% increase in power is possible with this optimization. 2. The corrugated mirrors will be positioned in front of the gyrotron, and not in front of the waveguide, allowing the beam radius to increase from the present '30 mm to at least '50 mm. The maximum electric field at the mirror would be reduced at least by a factor 0.7 with respect to the present value, thereby preventing the risk of arcing. The matching optics unit, fitted to the new gyrotron, will be accordingly designed.
Mirror mountings and mirror size currently used are adequate, but one more mirror has to be installed. Also, the matched loads may need some improvement with respect to the present design to reach full 1-MW reliable operation. A new diverging mirror, opposite to the entrance aperture, should possibly be installed. A modification of the cooling circuit for faster heat removal and more uniform temperature distribution might also be considered. Dry nitrogen should be blown in the sphere since it has been observed that an arc inside the sphere might pollute the atmosphere~mostly with stagnating ozone!, reducing for some time the power-handling capability.
IV. MAIN POWER SUPPLIES
The FT-3 machine is envisaged to investigate three main scenarios: The PF system is constituted by P1, P ' 10up, P ' 10down, P ' 11up, P ' 11down, P14, and P6 coils. In order to reduce the required ohmic power, the poloidal coils are operated starting from 40 K. The equilibrium configurations are not up-down symmetric. Thus, the current in the P ' 10up and P ' 10down, P ' 11up and P ' 11down coils could be different also in the so-called "limiter scenario." To reduce the total power needed to control the currents in the "up" and "down" coils, two kinds of power supplies~P10e, P11e and P10s, P11s! are used in a so-called "H" configuration~Fig. 15!. In this way different currents in the "up" and "down" coils are obtained by superimposing two components: a unidirectional one and a bidirectional one, separately regulated. The most demanding scenario for the poloidal coil power supplies is the limiter scenario, where the required total power and energy are, respectively, 200 MW and 260 MJ~Fig. 16 where the energy still stored in the coils at the end of the shot will be discharged into additional resistors!. The current in the poloidal coils is regulated by means of thyristorcontrolled converters. The needed voltage and current ratings have been calculated for each power supply unit. Preliminary results show a vertical instability growth time of ;6 ms, and at present this allows the plasma to be controlled by means of the P10s and P11s power supplies. The study of the plasma startup also has to be completed, and a detailed design of the commutation zone has not been performed yet. The poloidal system converter characteristics, for the 8 T, 7 MA scenario, are summarized in Table XIV . The system has been designed in such a way to use, as far as possible, the units presently in operation on the FTU machine; new converters are in any case needed as shown in the Table XV. FT3 is electrically supplied by the contribution of different power sources, as summarized in Table XVI . In particular, the poloidal coil system is fed by the static driver-flywheel-generator MFG3, presently supplying the poloidal system of the FTU machine, where the deliverable energy is increased up to 330 MJ by increasing the flywheel size.
The toroidal coils are operated starting from 40 K. The inductance has been considered as a constant equal to 18 mH, while the electrical resistance varies from 0.45 mV~at 40 K! to 0.76 mV~at the end of the flattop!. This allows the coil current ramp-up to be fed by the local grid~Table XVI! up to 8 T in ;24 s demanding 42 MW, 220-MJ ohmic energy, and 467-MJ magnetic energy. During the flattop phase, the toroidal coils required 37 MW, additional 127 MJ ohmic energy, and 9 MJ magnetic energy; this allows the MFG1 generator Table XVI! to supply them while the grid supplies the ICRH additional heating system.
V. DIAGNOSTIC SYSTEMS
The diagnostic systems of FT3 will be based on the existing diagnostics of the FTU and on new systems that will have to be built in order to measure the parameters that are specific to the new machine. These latter are the number and energy of the fast ions, the plasma and X-point geometry, and the q profile.
V.A. Shape, Position and Stability Control
These are measurements of the magnetic fields, fluxes, and q profile in order to obtain and control in real time the plasma current, plasma shape, X-point position, strike point positions, loop voltages, plasma energy, and inductance. In particular, plasma ellipticity and triangularity are important parameters to control in connection with the plasma stability. Also, soft-X-ray~SXR! cameras or other 2-D measurements can be partly used for these measurements, for instance, in plasma shape and position. Hard-X-ray detectors will be used to measure anomalies in the electron distribution function like runaway electrons. Diagnostics are indicated in Table XVII .
V.B. Power Balance
Plasma radiative losses are measured by bolometry, SXR, and spectroscopic techniques. Such diagnostics ~Table XVIII! cover a wide range in the electromagnetic radiative spectrum from the visible to the X-ray region. Moreover, the bolometers also measure neutral particles escaping the plasma. The power input is calculated from the Poynting vector obtained from equilibrium calculations and from measurements and model calculations from the rf waves used in the heating~ICRH, lower hybrid, ECRH, and Ion-Bernstein!.
V.C. X-Point Target Plate Thermal Load
Various systems of bolometers, spectroscopy, thermal couples, Langmuir probes, and imaging devices in In this way the temperatures and the various heat loads to the X-point target plates can be measured. Video cameras will allow visual inspection of the vacuum chamber and the X point.
V.D. Impurity Control
Spectroscopic measurements~Table XX! in the visible, ultraviolet, and X-ray region are required to monitor the light and heavy impurity production and transport in the X point and the main plasma. The following systems are used in FTU: VUV-SPRED, VUV-SOXMOS, various H-a measurements and visible spectrometers, and large band X-VUV imaging.
V.E. Electron Diagnostics
Various diagnostics have been developed in order to measure the electron temperature, velocity distribution, and density as a function of position and time. Most of such diagnostics can be taken over from the FTU device. Electron diagnostic measurements are not only used to obtain a proper power balance of the plasma but also to look at plasma fluctuations and MHD instabilities. The diagnostic systems~Table XXI! will be 
V.F. Ion Diagnostics
Ion temperatures and velocity distribution function can be determined by various diagnostics. The chargeexchange spectroscopy~CXS! diagnostic will be used to obtain the ion temperature and the plasma rotation radial profiles: a dedicated neutral beam injector will be required for this diagnostic as well as for the motional stark effect~MSE! diagnostic~which measures the q profile!. X-ray crystal spectrometers~XCS! will also give the ion temperature of the light impurities. These temperatures must be consistent with the neutron yield~Y n ! measured by the neutron diagnostics consisting of a neutron camera~measurement of the spatial distribution of the neutron emissivity!, a neutron activation system~time-integrated neutron yield!, neutron flux monitors~time-resolved neutron yield!, and neutron spectrometers. The ion velocity distribution is to be measured by a collective Thomson scattering~CTS! system for all ions and by neutral particle analyzers~NPA! for the hydrogen species. Gamma-ray detectors~gamma rays! are to be installed to obtain information on fast ions, produced by the ICRH, colliding with light impurities in the plasma. Faraday cup detectors can measure the escaping charged particles at the plasma edge. The energy of these escaping particles can be analyzed by scintillation techniques. Ion diagnostics are listed in Table XXII .
V.G. Discussion
The main additions with respect to the present FTU diagnostics are represented by an upgrade of the diagnostic beam~the injection of an ;130 keV02 A ion beam in the plasma is needed here! and by the X-point diagnostic set~Langmuir probes, thermocouples, infrared camera!. Another area that is missing in FTU and that will be necessary to develop in FT3 concerns the diagnostics to study collective effects~turbulence and charged particle measurements!. For all other diagnostics, part of the existing hardware can be reused in FT3, but replacements0 modifications0additions of new instrumentation are necessary. In particular, new laser and scattered light optics are required for Thomson scattering, a new remote control system for the CO 2 interferometer, new detectors, fiber optics and video cameras for spectroscopy, the in-vessel parts for all ECE diagnostics plus an upgrade to 8 T of the radiometer, a second neutron camera and0or adaptation of the existing vertical camera, construction of a neutron spectrometer, realization of FEB, SXR, infrared and bolometry cameras, new magnetics sensors, a large band receiver, and a receiver mirror system for the CTS. Moreover, the higher neutron emission in FT3 will require appropriate shielding for various components and electronics.
